G-protein-coupled receptors (GPCRs) are one of the largest membrane protein families in eukaryotes, and more than 30 % of modern drugs target GPCRs. Drugs binding to GPCRs lead to the activation of signal transduction mediated by G proteins. Furthermore, the activated GPCRs are phosphorylated by GPCR kinases (GRKs), and the phosphorylated GPCRs stimulate G-protein-independent signal transduction mediated by arrestin.

GPCR ligands promote differing degrees of signaling in the G-protein and arrestin pathways, in phenomena called "functional selectivity" or "biased signaling",[@b1] and the ligands that promote both of the signaling pathways and those that preferably promote one of the signaling pathways are referred to as "balanced ligands" and "biased ligands", respectively. In the case of the μ-opioid receptor (μOR),[@b2] a class A GPCR stimulated by various opioid drugs, such as morphine, stimulation by TRV130[@b3] elicits signaling through Gi, the inhibitory G protein for adenylyl cyclase, but markedly reduces signaling through β-arrestin.[@b4] Furthermore, the N131^3.35^A and N131^3.35^V mutants (superscripts indicate Ballesteros--Weinstein numbers[@b5]) of the δ-opioid receptor constitutively activate β-arrestin-mediated signaling.[@b6]

μOR signaling through the G protein and that through β-arrestin are responsible for its analgesic properties[@b7] and adverse effects,[@b8] respectively, and TRV130 reportedly increases analgesia and reduces on-target adverse effects versus morphine.[@b4], [@b9] Potential therapeutic applications of the functional selectivity of various GPCRs have also been proposed.[@b10] Therefore, the mechanisms underlying the functional selectivity of μOR are important for understanding the functions of GPCRs and for drug development.

Crystal structures of GPCRs in various forms have been solved, including GPCRs bound to inverse agonists and a GPCR bound to a full agonist with a G protein or a G-protein-mimicking nanobody[@b11] (see the Supporting Information). Furthermore, a crystal structure of rhodopsin bound to visual arrestin was recently reported.[@b12] However, this structure cannot explain the functional selectivity of the receptor, because the conformation of rhodopsin is almost identical to that in the crystal structure of rhodopsin bound to a peptide variant of the C terminus of G-transducin.[@b13] Therefore, we utilized NMR spectroscopy to clarify the conformational equilibrium of μOR in the states bound to an antagonist, balanced agonists, and TRV130.

We prepared μORs with the sequences Gly54--Gln362 and Gly54--Pro400, both with the F158^3.41^W mutation, in 2,2-didecylpropane-1,3-bis-β-[D]{.smallcaps}-maltopyranoside (LMNG) micelles and those reconstituted into the lipid bilayer of reconstituted high-density lipoproteins (rHDLs),[@b14], [@b15] also known as nanodiscs,[@b16] were prepared (see Figure S1 and details in the Supporting Information). Hereafter, the obtained μORs (Gly54--Gln362)/F158^3.41^W and (Gly54--Pro400)/F158^3.41^W are referred to as μOR-A and μOR-A′, respectively. The obtained μOR retained binding activity to naloxone, morphine, DAMGO, and TRV130 (see Figures S2--S5 and details in the Supporting Information).

Our analysis of the G-protein and β-arrestin signaling efficacies of μOR bound to various ligands revealed that naloxone, morphine, DAMGO, and TRV130 are the antagonist, balanced partial agonist, balanced full agonist, and G-protein-biased partial agonist, respectively, against μOR with the F158^3.41^W mutation, which was used in the NMR spectroscopic analysis, and that the N152^3.35^A mutant is a β-arrestin-biased mutant (Figure [1](#fig01){ref-type="fig"}; see also Figure S6 and details in the Supporting Information). These results are in agreement with those from previous studies on μOR without the F158^3.41^W mutation.[@b4], [@b17]

![Efficacy and bias factors of μOR and μOR/N152^3.35^A in the presence of each ligand. a,b) Activation of G-protein- and β-arrestin signaling by μOR-A′ in rHDLs. a) \[^35^S\]GTPγS binding to complexes of purified G protein/μOR-A′ in rHDLs with various ligands. Results are expressed as a percentage with respect to the binding stimulated by DAMGO. b) GRK2-mediated phosphorylation at S377 of μOR-A′ bound to naloxone, morphine, DAMGO, and TRV130 in rHDLs, as detected by western blotting with an anti-phosphorylated S377 antibody. A gel image is shown at the top. Results are expressed as a percentage with respect to the phosphorylation of μOR-A′ bound to DAMGO. Data are the mean ±standard error of the mean of triplicate determinations from three separate representative experiments. c) Bias factor, which is the ratio of the β-arrestin signaling efficacy (b; see also Figure S7 b) to the G-protein signaling efficacy (a; see also Figure S7 a), for different ligands relative to that of DAMGO against μOR without the N152^3.35^A mutation versus the logarithm of \[^35^S\]GTPγS binding (a; see Figure S7 a). We could not accurately determine the bias factor of μOR stimulated by naloxone, because the G-protein and β-arrestin efficacies were both low.](anie0054-15771-f1){#fig01}

μOR-A possesses 13 methionine residues in TM1-6, extracellular loop 2 (ECL2), intracellular loop 1 (ICL1), and ICL3 (see Figure S7). M163^3.46^, M245^5.49^, M257^5.61^, and M283^6.36^ exist on the intracellular side of TM3, 5, and 6, and the side chains of M163^3.46^ and M283^6.36^ are directed toward TM7. These methionine residues should be good probes to investigate the ligand-induced conformational changes, considering that TM3, TM5, TM6, and TM7 assume distinctly different conformations upon GPCR activation.[@b11] In the ^1^H--^13^C methyl transverse relaxation-optimized spectroscopy (TROSY) spectra of \[αβ-^2^H-,methyl-^13^C-Met\]μOR-A in LMNG micelles in the balanced-full-agonist (DAMGO)-bound and the antagonist (naloxone)-bound states, severely overlapped resonances that apparently originated from the methionine residues were observed (see Figure S8 a,b). To overcome the problem of signal overlap, we introduced mutations into the solvent- or lipid-exposed methionine residue (see Figure S9 a).[@b18] Hereafter, we refer to the resulting M67^1.29^L/M74^1.36^T/M132^2.66^L/M205^4.61^I/M207^ECL2^L/M266^ICL3^L mutant as μOR-Δ6M. The G-protein signaling was not affected by the Δ6M mutation or the truncation of the C terminus (Figure [1 a](#fig01){ref-type="fig"}; see also Figure S9 b). To overcome the problem of the broadening of several resonances owing to ^1^H--^1^H dipole interactions between the observed and surrounding ^1^H atoms, we utilized the recently developed deuteration method for proteins expressed in an insect-cell--baculovirus expression system[@b14] (see Figures S10--S12 and details in the Supporting Information). Hereafter, the obtained μOR-A/Δ6M mutant, in which eight types of amino acid residues (isoleucine, leucine, phenylalanine, lysine, arginine, threonine, valine, and tyrosine residues) were deuterated, is referred to as \[^2^H-8AA, αβ-^2^H-,methyl-^13^C-Met\]μOR-A/Δ6M. In the methyl-TROSY spectra of \[^2^H-8AA, αβ-^2^H-,methyl-^13^C-Met\]μOR-A/Δ6M, signals that apparently originated from the seven methionine residues of μOR-A/Δ6M were detected, thus suggesting that most of the methionine residues were observed (see Figure S8 c,d). Several methionine resonances were not clearly observed in the spectra of μOR-A/Δ6M without deuteration (see Figure S12), thus suggesting that the sensitivity for these resonances was increased more than threefold upon deuteration.

Assignments of the methionine resonances were established by comparison of the spectra of difference mutants (see Figures S13--S15 and details in the Supporting Information). Crystal structures of μOR indicate that the ^1^H chemical shifts of the resonances from M245^5.49^ would be sensitive to the conformational changes of TM5 upon activation (see Figure S16 and details in the Supporting Information). The ^1^H and ^13^C chemical shifts of the major M245^5.49^ signal in the antagonist-bound state was markedly different from that for the balanced-full-agonist-bound state (Figure [2 a](#fig02){ref-type="fig"}). Hereafter, the major signals in the inactive antagonist- and active full-agonist-bound states are referred to as M245^I^ and M245^A^, respectively.

![Difference in the μOR M245^5.49^ resonances in states with various efficacies and bias factors. a) ^1^H--^13^C HMQC spectra of the \[^2^H-8AA, αβ-^2^H-,methyl-^13^C-Met\]μOR-A/Δ6M mutant in the naloxone-bound (black), morphine-bound (magenta), DAMGO-bound (red), and TRV130-bound states (blue) and that of the μOR-A/Δ6M/N152^3.35^A mutant in the DAMGO-bound state (green). Cross-sections at the dashed gray lines are shown above the spectra. b) Correlation between the relative intensities of the M245^5.49^ signals and the activation of G-protein signaling. Plot of \[^35^S\]GTPγS binding to the complex of μOR-A′ in rHDLs and heterotrimeric G protein with each ligand versus the ratio of the intensity of the resonance with ^1^H and ^13^C chemical shifts almost identical to that of M245^A^, relative to the sum of the intensities of the two M245^5.49^ signals. The dotted line represents the points at which the relative \[^35^S\]GTPγS binding is equal to the relative intensity of the resonances with chemical shifts almost identical to that of M245^A^. c) Overlay of the spectra shown (a), except for the μOR-A/Δ6M mutant in the naloxone-bound and morphine-bound states. Only the region with the M245^5.49^ resonance is shown. The centers of the resonances from M245^5.49^ are indicated with dots. d) Correlation between the normalized chemical shift of the M245^5.49^ signal with an ^1^H upfield shift and the bias factor. The normalized chemical shifts were calculated from the formula \[(*δ*--*δ*(TRV130))^2^+{(*δ*--*δ*(TRV130))/3.5}^2^\]−\[(*δ*--*δ*(N152A))^2^+{(*δ*--*δ*(N152A))/3.5}^2^\]^0.5^, in which *δ*(TRV130) and *δ*(TRV130) are the ^1^H and ^13^C chemical shifts in the TRV130-bound state, and *δ*(N152A) and *δ*(N152A) are the ^1^H and ^13^C chemical shifts of the β-arrestin-biased mutant in the DAMGO-bound state.](anie0054-15771-f2){#fig02}

To investigate the structures of the μOR TM region that elicits partially activated signaling, we recorded the ^1^H-^13^C methyl-TROSY spectra of \[^2^H-8AA, αβ-^2^H-,methyl-^13^C-Met\]μOR-A/Δ6M in the balanced-partial-agonist (morphine)-bound state. Two resonances, the chemical shifts of which were almost identical to those of the M245^I^ and M245^A^ resonances, were observed (Figure [2 a](#fig02){ref-type="fig"}). The relative intensities of the two resonances with chemical shifts almost identical to those of M245^I^ and M245^A^ in the antagonist-, balanced-partial-agonist-, and balanced-full-agonist-bound states correlated well with \[^35^S\]GTPγS binding to the complex of μOR and the G protein in the presence of each ligand (Figure [2 b](#fig02){ref-type="fig"}). The efficacy-dependent signal intensities of M245^5.49^, together with the previous structural analyses of GPCRs (see the Supporting Information), indicate that μOR exists in an equilibrium between the closed and open conformations, which correspond to M245^I^ and M245^A^, respectively, with slower exchange rates than the chemical-shift difference (\<200 s^−1^), and that the population of the open conformations determines the activation of the G-protein signaling level. The slow exchange rates are in agreement with those of the equilibrium between the closed and open conformations of β~2~AR in LMNG micelles.[@b19]

To investigate the structures of the μOR TM region that elicits biased signaling, we recorded ^1^H--^13^C methyl-TROSY spectra of \[^2^H-8AA, αβ-^2^H-,methyl-^13^C-Met\]μOR-A/Δ6M in the G-protein-biased-partial-agonist (TRV130)-bound state and the β-arrestin-biased mutant (μOR-A/Δ6M/N152^3.35^A) in the balanced-full-agonist-bound state. For the G-protein-biased-partial-agonist-bound state, two resonances that were remarkably shifted from M245^I^ and M245^A^ were observed (Figure [2 a,c](#fig02){ref-type="fig"}). In the spectrum of the β-arrestin-biased mutant bound to the full agonist, one resonance, which was remarkably shifted from M245^A^, was observed (Figure [2 a,c](#fig02){ref-type="fig"}). The ^1^H and ^13^C chemical shifts of M245^A^ were between those observed in the G-protein-biased-partial-agonist-bound state and the β-arrestin-biased mutant bound to the full agonist (Figure [2 c](#fig02){ref-type="fig"}), and the chemical shifts of M245 correlated well with the bias factors in each state (Figure [2 d](#fig02){ref-type="fig"}). To examine whether the resonances from M245^5.49^ in the balanced-full-agonist-bound state underwent conformational exchange, we recorded the spectra of μOR-A at the lower temperature of 283 K (see Figure S17). In this case, the M245^5.49^ resonance significantly shifted away from that for the G-protein-biased-partial-agonist-bound state. These results suggest that μOR exists in an equilibrium between multiple open conformations, including the conformations that preferentially activate either G-protein-mediated signaling or β-arrestin-mediated signaling, with faster exchange rates than the chemical-shift difference (\>100 s^−1^), and that the equilibrium is shifted toward the former and latter conformations in the G-protein-biased-ligand-bound state and the full-agonist-bound state of the β-arrestin-biased mutant, respectively.

M163^3.46^, M257^5.61^, and M283^6.36^ exist in the intracellular side of TM3, TM5, and TM6 (see Figure S7), and their chemical shifts would be sensitive to conformational changes of TM7, as well as TM3, TM5, and TM6 (see Figure S18 and details in the Supporting Information). The chemical shifts of M283^6.36^ indicate that the resonances observed in the antagonist- and full-agonist-bound states correspond to the closed and open conformations, respectively (see the Supporting Information). Furthermore, the chemical shifts of the M163^3.46^, M257^5.61^, and M283^6.36^ signals in the balanced-full-agonist-bound state were also between those for the G-protein-biased-partial-agonist-bound state and those for the full-agonist-bound state with the β-arrestin-biased mutation (Figure [3 a](#fig03){ref-type="fig"}; see also Figures S19--S23 and details in the Supporting Information). Therefore, the efficacy- and bias-factor-dependent conformational equilibrium observed for M245^5.49^ accompanies the coupled conformational changes on the intracellular side of TM3, TM5, TM6, and TM7 (Figure [3 b](#fig03){ref-type="fig"}). The biased signaling of μOR by the coupled conformational changes on TM3, TM5, TM6, and TM7 is in contrast to the previously reported selective activation of G-protein- and β-arrestin-mediated signaling by decoupled conformational changes of TM5/6 and TM3/7, respectively, in other GPCRs.[@b20], [@b21] It is possible that the intracellular cavity, which is formed in the crystal structure of GPCRs bound to a full agonist with a G protein or G-protein-mimicking nanobody,[@b11] is relatively small in the conformation that preferentially activates β-arrestin signaling (see the Supporting Information).

![Distribution of the methionine residues that exhibited chemical shifts in a functional-selectivity-dependent manner. a) Overlaid ^1^H--^13^C HMQC spectra of the \[^2^H-8AA, αβ-^2^H-,methyl-^13^C-Met\]μOR-A/Δ6M/M245^5.49^V mutant in the DAMGO-bound (red) and TRV130-bound states (blue) and that of μOR-A/Δ6M/M245^5.49^V/N152^3.35^A mutant in the DAMGO-bound state (green). Only the regions with M257^5.61^, M283^6.36^, and M163^3.46^ resonances are shown. The centers of the resonances from M163^3.46^, M257^5.61^, and M283^6.36^ are indicated with dots. b) Mapping of the methionine residues that exhibited chemical shifts in a functional-selectivity-dependent manner. The crystal structure of μOR in a complex with an irreversible antagonist, β-funaltrexamine (PDB accession code: 4DKL), is shown as a white ribbon model, and M163^3.46^, M245^5.49^, M257^5.61^, and M283^6.36^, which exhibited chemical shifts in a functional-selectivity-dependent manner (Figure [2 b,c](#fig02){ref-type="fig"}), are depicted by red sticks. The other methionine residues and β-funaltrexamine are depicted by white and black sticks, respectively. TM3/7 and TM5/6 are colored cyan and light orange, respectively.](anie0054-15771-f3){#fig03}

On the basis of our structural interpretation of the M245^5.49^ resonances, we propose the following signal-regulation mechanism (Figure [4](#fig04){ref-type="fig"}): In the antagonist (naloxone)-bound state, μOR primarily adopts the closed conformation. In the balanced-full-agonist (DAMGO)-bound state, μOR primarily adopts the open conformation, and the intracellular cavity, which is composed of TM3, TM5, TM6, and TM7, exists in equilibrium between multiple open conformations, including the conformations that preferentially activate either G-protein-mediated signaling or β-arrestin-mediated signaling. In the balanced-partial-agonist (morphine)-bound state, μOR exists in equilibrium between the aforementioned closed and multiple open conformations. In the G-protein-biased-partial-agonist (TRV130)-bound state, μOR exists in equilibrium between the closed and multiple open conformations, and the equilibrium between the multiple open conformations is shifted toward the conformation that preferentially activates G-protein-mediated signaling. In the DAMGO-bound state of the μOR N152^3.35^A mutant, μOR adopts the open conformation, and the equilibrium between the multiple open conformations is shifted toward the conformations that preferentially activate β-arrestin-mediated signaling. The dynamic characteristics of μOR are in agreement with the fast dynamics of another GPCR observed in recent solid-state NMR studies.[@b22]

![Proposed mechanism for the differences in the efficacy and functional selectivity of μOR for different ligands. In the antagonist (naloxone)-bound state (a), μOR primarily adopts the closed conformation. In the balanced-partial-agonist (morphine)-bound state (b), μOR exists in equilibrium between the closed and open conformations. In the balanced-full-agonist (DAMGO)-bound state (c), μOR primarily adopts the open conformation. In the aforementioned balanced-ligand-bound states, the intracellular side exists in equilibrium between multiple conformations. In the G-protein-biased-partial-agonist (TRV130)-bound state (d), μOR exists in equilibrium between the closed and open conformations, and the equilibrium within the open conformation is shifted toward the conformation with a larger intracellular cavity. In the DAMGO-bound state of the μOR N152^3.35^A mutant (e), μOR adopts the open conformation, and the equilibrium within the open conformation is shifted toward the conformation with a smaller intracellular cavity.](anie0054-15771-f4){#fig04}

The conformational equilibrium that accompanies the coupled conformational change in TM3, TM5, TM6, and TM7 upon the introduction of the β-arrestin-biased N152A mutation is in agreement with the structure--activity relationships of TRV130 derivatives (see Figure S24 and details in the Supporting Information). TRV130 reportedly produced greater analgesia than morphine, at doses with less reduction in respiratory drive and diminished nausea in healthy human volunteers.[@b9] Therefore, observation of the population shift of the conformational equilibrium of μOR bound to various ligands, on the basis of the M245^5.49^ resonances, would be helpful for the further development of analgesics with reduced side effects, better tolerance, and negligible dependence.

It is possible that the functional selectivity of other GPCRs is also regulated by the population shift of the conformational equilibrium that accompanies the coupled conformational changes of TM3, TM5, TM6, and TM7, as well as μOR (see the Supporting information). Therefore, the conformational equilibrium in the transmembrane region is important for understanding the functional selectivity of GPCRs. Observation of the NMR signals of methionine residues, which are highly abundant in TM helices of GPCRs and can be observed without any chemical modification,[@b18] is applicable for the analysis of the conformational equilibrium that regulates biased signaling in various GPCRs.

In previous NMR studies of GPCRs, the conformational changes of GPCRs induced by biased ligands or G-protein-mimicking nanobodies were observed by the use of ^19^F and ^13^CH~3~ probes chemically attached to cysteine and lysine residues, respectively.[@b20], [@b23] In these studies, the chemical probes could not be attached to residues in the middle of the transmembrane region owing to their solvent inaccessibility, although the residues that are widely conserved and exhibit remarkable conformational changes upon activation, such as the P^5.50^--I^3.40^--F^6.44^ trigger motif and the NP^7.50^xxY motif, exist in the middle of the transmembrane region. Furthermore, there is a possibility that the probe would reflect the perturbation of the local conformation by the chemical modification. In contrast, methionine-selective labeling enabled the direct observation of the residues in the transmembrane region without any perturbation of the local conformation.[@b14], [@b18], [@b24] Deuteration also enabled the observation of the transmembrane region of μOR in the present study (see Figure S12), even at a low μOR concentration (5--10 μ[M]{.smallcaps}). Therefore, methionine-selective labeling, along with deuteration, should be useful for the analysis of the conformational dynamics of the transmembrane regions of GPCRs and other membrane proteins.

In this study, our NMR analysis of μOR in the balanced- and biased-ligand-bound states revealed that the intracellular cavity of μOR exists in an equilibrium between closed and multiple open conformations, and that the population of each open conformation determines the G-protein- and β-arrestin-mediated signaling levels in each ligand-bound state. These findings provide structural insight into the biased signaling of μOR and other GPCRs.
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